Synthetic stoichiometric and Fe-doped geomimetic chrysotile nanocrystals represent a reference standard to investigate the health hazard associated with mineral asbestos fibres. Experimental evidence suggests that the generation of reactive oxygen species and other radicals, catalysed by iron ions at the fibre surface, plays an important role in asbestos-induced cytotoxicity and genotoxicity. In this study, structural modification of bovine serum albumin (BSA) adsorbed onto synthetic chrysotile doped with different amounts of Fe has been investigated by Fourier transform infrared spectroscopy (FT-IR), thermal gravimetric analysis (TGA) and analytical pyrolysis coupled with gas chromatography-mass spectrometry. FT-IR data evidenced a marked increase in disordered structures like random coil and b-turn of BSA-nanocrystal adduct with 0.52 wt% of Fe doped. The TGA profile of the BSA revealed that its interaction with the synthetic chrysotile surface was strongly affected by the substitution of Fe into the chrysotile structure. The 2,5-diketopiperazine yields, formed upon thermal degradation of the polypeptide chain (pyrolysis-gas chromatography), changed when the BSA was adsorbed on the nanofibres. In general, results suggested that minute amount (less than 1 wt%) of Fe doping in chrysotile affected the protein-nanofibre interactions, supporting the role that this element may play in asbestos toxicity. The catalytic role of iron and the consequent unfolding of protein due to the structural surface modification of nanofibres were also evaluated.
Introduction
Asbestos is a commercial term including some magnesium silicates which crystallize in fibrous forms, including chrysotile, Mg 3 Si 2 O 5 (OH) 4 , by far the most widespread material of this type [1] . These fibres, belonging to the serpentine minerals, are constituted of stacking layers of silica (Si 2 . Health hazards associated with asbestos and its deleterious environmental effects are well documented in the medical and general health literature [2] . The molecular mechanisms underlying the fibrogenic and tumorigenic effects of asbestos are not yet fully understood, but chemical-physical factors related to surface reactivity and level of contaminants seem to be involved [3, 4] . In natural chrysotile (Mg 3 Si 2 O 5 (OH) 4 ), iron is a contaminant (about 0.5-2%, w/w), replacing isomorphously magnesium and silicon that may have important health implications. The role of Fe in the toxicity of natural chrysotile fibres has been widely investigated in the past [3, [5] [6] [7] , while more recent experimental evidences supported the view that the generation of reactive oxygen species and other radicals, catalysed by iron ions at the fibre surface, is implied in asbestos-induced cytotoxicity and genotoxicity [8] . The available data also suggest that the Fe content of asbestos, as well as redox active Fe associated with or mobilized from the surface of the fibres, is important in generating HO. The fibre properties that are related to their cytotoxicity [9, 10] and mutagenic responses [11] are strongly affected by the surface chemical adsorption of biological molecules and macromolecules, such as proteins, cell-membrane lipids and nucleic acids [12] . Alterations in these essential cellular components can modify the cell functions and hence drive the cell to either neoplastic transformation or apoptosis.
In order to gather information on the role of iron in these protein-asbestos surface interactions, the study of model protein-iron-doped mineral systems would be useful. Given the multiplicity of factors that make a study on naturally occurring minerals complex, geoinspired chrysotile nanocrystals have been synthesized as a unique phase with definite structure, morphology and chemical composition to be used as a standard reference sample for the investigation of the molecular interaction between chrysotile fibres and biological systems [13, 14] . The geoinspired synthetic chrysotile fibres with stoichiometric composition Mg 3 Si 2 O 5 (OH) 4 , in contrast to the natural ones, do not exert any significant cytotoxic effect [15] . Moreover, the interaction of this synthetic chrysotile with bovine serum albumin (BSA) and human serum albumin (HSA) has been investigated [16] [17] [18] .
With regard to chrysotile fibres doped with iron, they have been synthesized as single-tube nanocrystals with a central hole diameter of 7 nm and wall thickness of about the same size [19] . Chrysotile nanotubes show structural modifications as a function of the Fe doping extent affecting their morphological aggregation. This morphological modification has been observed when Fe preferentially replaces Si resembling the lizardite structure [20] . Fe can replace both Mg and Si, differently modifying the chrysotile structure as a function of the Fe doping extent and the Fe doping process appears strongly affected by the presence of metallic Fe in the synthetic environment. In fact, octahedral coordinated Fe has been observed in all the substitution range in Fe-doped chrysotile synthesized in absence of metallic Fe. On the contrary, tetrahedral coordinated Fe inducing a flattening of the chrysotile structure appears prevalent in respect of octahedral coordinated Fe in highly Fe-doped chrysotile synthesized when metallic Fe is available in the synthetic environment [19, [21] [22] [23] . The position of the sites responsible for catalytic and redox activity of Fe of asbestos is currently unknown, even if the fibre surface appears mainly to control the Fe reactivity. In fact, Fe 3þ is stable at neutral pH and has a very low water solubility [24] . Lesci [25] observed that the exclusive substitution of Mg with Fe (at low amount of iron) increases the mismatch between the octahedral-tetrahedral spacing along the b-axis, while this mismatch is reduced by the contemporary Fe replacement to Mg and Si, as observed for Fe doped chrysotile at higher amounts of iron. These results have allowed one to relate the effect of Fe doping on the surface chemical-physical characteristics of both synthetic and mineral chrysotile.
While there are few studies on the interaction of BSA/HSA onto geoinspired stoichiometric chrystotile (see above), no investigations have been made concerning the effect of Fe substitution in the chrysotile structure in modifying the protein-surface interaction. In this study, we have used albumin because this is an important and abundant plasma protein that has been extensively used as a marker in vivo, especially in lung diseases [26] . Two amounts of iron were selected in order to simulate the observed amount of Fe in natural chrysotile. Furthermore, on the basis of a recent study about the propriety of the chrysotile surface structure when iron replaces Mg in octahedral and/or Si in tetrahedral sites [25] , we could predict a progressive effect with increasing Fe content. For example, we observed an increase of z-potential with increasing iron concentration that may contribute to the electrostatic interaction with the protein.
BSA was adsorbed onto synthetic geomimetic chrysotile nanocrystals (or nanofibres) with different Fe-doping extents (none, 0.53 and 1.78 wt%). The amount of Fe-doping was chosen in order to simulate the observed amount of Fe in natural chrysotile [1] . The secondary structure of adsorbed BSA in the adducts was investigated by Fourier transform infrared (FT-IR) spectroscopy. Thermal gravimetric analysis (TGA) was applied in order to gather information on the extent of surface interactions. The thermal behaviour of adsorbed BSA was further investigated by analytical pyrolysis coupled to gas chromatography-mass spectrometry (GC-MS) which provided the molecular identity of the degradation products. As lung disease occurs after long periods of exposure to asbestos, we believe that the interaction of the fibres with proteins, particularly albumin, may contribute to the long latency of the disease. The main purpose of this study is to clarify how the structural changes of the surface, induced by iron, influence the interaction with biological system.
Experimental
Reagents were from Sigma-Aldrich S.r.l., 0.06 M phosphate buffer pH 7.4 was from Riedel-de Haen Sigma-Aldrich S.r.l. and BSA was from CarloErba.
Synthetic chrysotile nanofibres
Synthesis of the chrysotile nanocrystals used in this study was previously described by Falini et al. [27] . Shortly, a hydrothermal synthesis reactor (Parr Stirred 'Mini' reactor model 4652) with a 500 cm 3 
UV spectroscopy
The concentration of BSA solutions was determined by spectrophotometric analysis, by recording UV-visible spectra between 200 and 300 nm with a Perkin Elmer Cary 5 UV-Vis-NIR spectrophotometer against a blank buffer solution. The measurements were performed using a 1 cm quartz cell. The extinction coefficient of BSA at 280 nm in phosphate buffer pH 7.4 was 0.65 M 21 cm
21
. The amount of adsorbed protein was calculated as the difference between the concentrations of the initial solution and that of the supernatant after solid separation.
Differential thermal analysis -thermal gravimetric analysis
Differential thermal analysis (DTA) -TGA was carried out by using a Polymer Thermal Science STA 1500 instrument. The weights of the samples were in the range of 5-10 mg. Heating was performed in a platinum crucible under a nitrogen flow (100 cm 3 min
21
) at a rate of 108C min 21 up to 7008C.
Inductively coupled plasma atomic emission spectrometry analysis
The elemental distribution in the synthetic samples was obtained using inductively coupled plasma (ICP) atomic emission spectrometry (AES). The ICP-AES measurements were carried out with a Varian Liberty Model 200 analyser to allow the rapid determination of 15 elements in the wavelength range of 179-800 nm. ICP-AES analysis was carried out on sample solutions prepared according to an acidic dissolution of the samples inside hermetically sealed Teflon holders processed in a microwave mineralizer Milestone Model MLS 1200. For the sample preparation for ICP-AES analysis, the dissolution of synthetic chrysotile samples was performed following two steps: (i) 1 ml of 48 wt% HF and 5 ml of 48 wt% HNO 3 were added to 40 mg of sample and processed in the mineralizer for 30 min operating at 250 W and (ii) in order to obtain the formation of BF 42 complexes, 20 ml of 1.8 wt% Li 2 B 4 O 7 was added to the preparation followed by reprocessing in the mineralizer for 15 min at 250 W. Prior to analysis the sample solutions were diluted up to 100 ml in volume with doubly distilled water.
Pyrolysis and sample treatment
Pyrolysis was performed on pure BSA, BSA -stoichiometric chrysotile and BSA-Fe-doped chrysotile adducts. The apparatus employed for off-line pyrolysis experiments was described elsewhere [36] . Briefly, it consists of a pyrolysis chamber fitted for a pyroprobe model 1000 (CDS Analytical Inc.) equipped with a resistively heated platinum filament. A sample holder quartz tube containing an exactly weighed amount of sample (about 7-10 mg) was introduced into the platinum coil and the probe was in turn inserted into the pyrolysis chamber. The apparatus was flushed with a nitrogen stream at 200 ml min 21 prior to pyrolysis. The exit of the pyrolysis chamber was connected through a Tygon w tube to a cartridge for air monitoring containing a XAD-2 resin as adsorbent (orbo-43) purchased from Supelco. In order to collect higher amounts of pyrolysis products, several batch pyrolyses were performed with the same cartridge on the same BSA-chrysotile test samples. After pyrolysis, the cartridge was eluted with 5 ml of acetonitrile [36] . The solution was collected, concentrated under a gentle nitrogen stream and spiked with 0.1 ml of 250 mg l 21 of sarcosine anhydride solution in acetonitrile prior to GC -MS. An aliquot of the acetonitrile used to elute the adsorbent cartridge was placed in a vial with 0.1 ml of 1-benzo-3-oxo-piperazine at 250 mg l 21 as silylation internal standard. The obtained solution was then spiked with 60 ml of bis(trimethylsilyl)trifluoroacetamide containing 1% trimethylchlorosilane. The vial was placed in a heater at 608C for 2 h prior to GC -MS.
Gas chromatography -mass spectrometry
Sample solutions were injected under splitless conditions into the injector port of an Agilent 6850 gas chromatograph connected to an Agilent 5975 quadrupole mass spectrometer. were separated with the following temperature programmes: from 508C to 3008C (held 5 min) at 58C min 21 , with GC injector port maintained at 2608C. The silylated solutions were separated with the following temperature programmes: from 1008C (held 5 min) to 3108C at 58C min 21 , with GC injection port maintained at 2808C. GC-MS interface and quadrupole were maintained at 280 and 2508C, respectively, for all the analyses. Mass spectra were recorded in the full scan acquisition mode under electron ionization (70 eV) at 1 scan s 21 in the 35-650 m/z range. The mass amount of each target analyte evolved from pyrolysis (Wg analyte ) was calculated from the peak area in the total ion current chromatogram and the peak area of the appropriate internal standard. All the analytes were quantified using a unitary response factor with respect to cyclo(Gly-Leu) determined from the analysis of a single calibration solution. Yield (%) values were calculated by the formula Wg analyte /Wg ads.BSA Â 100, where Wg ads.BSA stands for the amount of adsorbed BSA on synthetic chrysotile surface determined by means of UV spectroscopy (see above).
Owing to the low sample amount of BSA adducts, the precision was determined by triplicate analysis of pure BSA. The obtained relative standard deviations ranged from 3 to 47% (11% on average) and were assumed to be the same for the pyrolysis of adsorbed BSA.
Results and discussion

Fourier transform infrared analysis
The secondary structure of the adduct surface was investigated in the amide I (1700-1600 cm
21
) region. Fourier self-deconvolution and secondary derivative were applied to estimate number, position and width of the component bands. Fourier self-deconvolution of BSA before adsorption is compared with that of stoichiometric chrysotile and Fechrysotile after interaction with BSA. An evident BSA structural modification in amide I region can be easily appreciated after adsorption onto inorganic phase surface ( figure 1) . From the second derivative of the bands, the actual half-width can be estimated, based on which a curve-fitting process was iterated to achieve the best fitted curves. The component bands were assigned on the basis of the literature data [16, [28] [29] [30] [31] [32] [33] .
From the integrated areas of the component bands, the percentages of each secondary structure for BSA as such and adsorbed on synthetic nanofibres were assigned (table 1). The protein adhesion on inorganic surface leads to a significant reduction in b-sheet as a function of the increasing Fe amounts in the chrysotile structure, with the relative contribution of b-sheet decreasing from 44 wt% (native BSA) to 11 wt% undoped adduct BSA-nanocrysotile, 7% and 4% for 0.52 and 1.78 wt% Fe doped adducts, respectively. On the contrary, the occurrences of random coil regions and b-turns were predominant in the case of BSA adsorbed onto Fe-doped chrysotile. In particular, the content of b-turns increased from 15 to 48% following adsorption onto the nanofibre, and a further increase to 58% in the case of the 0.52% Fedoped nanofibre (table 1) . b-Turns are mostly composed of hydrophilic amino acids, and therefore these amino acids could be considered the most efficient agents for the surface interaction [37] . A remarkable effect of Fe doping was the increase in the proportion of random conformation, even though no significant differences were observed between the two concentrations.
Clearly, the lowest iron loading (0.52 wt%) gives to chrysotile fibres the potency to reduce appreciably the a-helix. Any further insertion of iron ions in the chrysotile structure determines a decrease in the interaction with a-helix and protein adhesion on inorganic surface and may be due to several factors, for instance, covalent or electrostatic chemical bonds, hydrogen and van der Waals bonds, hydrophobic and hydrophilic interactions. The relative predominance of any one of them is closely related to the protein structure and the physico-chemical features of the inorganic surface. As reactivity properties of surface are related to neighbouring metal atoms [23, 38, 39] , the reduction of protein adhesion at the higher amount of iron could be related to some changes in the coordinative state of trivalent iron, which is known to replace both Mg octahedral structural ions and Si tetrahedral ones [23] . Furthermore, Lesci et al. [25] observed that Fe exclusively substituted to Mg (at low amount of iron) increases the mismatch between the octahedral-tetrahedral spacing along the b-axis, while this mismatch is reduced by the contemporary Fe replacement to Mg and Si, as observed for Fe-doped chrysotile at higher amount of iron. The hypothesized catalytic role of iron due to the structural surface modification of nanofibres was also supported by the data of TGA and analytical pyrolysis analysis. It seems likely that, owing to the iron-induced superficial modification of nanofibres, the interaction between BSA molecules and the nanofibres is strengthened, resulting in the unfolding of proteins and their spreading on the nanofibre surface.
Thermal gravimetric analysis
The thermogravimetric results of pure BSA are presented in the range from 1308C to 5008C in figure 2 . The data show a four-step thermal degradation characterized by a high weight loss (approx. 69%) due to the protein degradation process at about 2278C, 3138C, 3218C and 4458C, respectively. Figure 3 shows the thermograms of BSA adduct with stoichiometric chrysotile and chrysotile doped with Fe at 0.52 wt% and 1.78 wt%. From TGA, the amount of BSA adsorbed onto the nanofibre can be calculated from the weight loss in the range 200-5508C. The amount of albumin coated onto synthetic nanofibres was determined in triplicate and the results were 10.38 + 0.03 wt% for stoichiometric synthetic chrysotile, and 9.58 + 0.03 wt% and 8.49 + 0.02 wt% in the case of Fedoped chrysotile at 0.52 wt% and 1.78 wt%, respectively.
Apparently, the amounts of adsorbed protein on the chrysotile surface decreased on increasing Fe amounts, the same trend being observed by UV analysis on the supernatant solutions. In fact, UV spectroscopy analysis showed that the levels of BSA adsorption were 10.06 wt%, 9.46 wt% and 8.15 wt% for Fe 0 wt%, Fe 0.52 wt% and Fe 1.78 wt% samples, respectively. It is worth remarking that adsorption experiments were performed in triplicate and the observed differences were statistically significant ( p , 0.05, two tailed t-test). The temperature of maximum weight loss increased from 304 to 308 then 3138C, as the content of Fe increased from 0, to 0.52 and 1.78%, respectively. Thus, the temperature of degradation of the protein adsorbed onto the chrysotile surface increased on increasing Fe amounts suggesting a larger protein alteration on increasing the Fe doping extent. The higher interaction between nanofibre and BSA could be due to the distortions of the crystalline cell when iron substitutes both tetrahedral and octahedral sites that modify the electric surface feature of the nanofibre [25] , inducing a strong electrostatic interaction with the BSA. This hypothesis is supported by the surface characterization features reported in [25] where the value of the z-potential slowly increases in positive direction with the increasing of the iron content of the sample (about þ27.8 mV and þ32 mV for samples containing iron at 0.52 and 1.78% respectively). This occurrence is possibly due to the partial dissolution of the (FexOy) nþ species and the consequent specific adsorption of the hydrolytic cationic complexes at the surface of the sample.
Analytical pyrolysis
The identity and quantity of products evolved from the thermal degradation of adsorbed BSA were investigated by analytical pyrolysis followed by GC -MS of the collected pyrolysate, directly or after trimethylsilylation. Typical examples of GC -MS traces of the original pyrolysates and after trimethylsilylation are reported in figures 4 and 5, respectively.
As expected, the pyrograms are featured by typical thermal degradation products of the proteins. The most significant pyrolysis products which could be clearly attributed to specific amino acids were selected in this study. The identification and the precursor amino acids are reported in tables 2 and 3. The initial region of chromatogram is featured by the elution of compounds deriving from the lateral chain fragmentation of aromatic amino acids. At higher elution times, the GC trace is characterized by peaks due to cyclic Figure 2 . TGA analysis of pure bovine serum albumin (BSA).
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150186 dipeptides (2,5-diketopiperazines, DKPs) formed upon thermal cyclization of adjacent amino acids in the protein backbone. The identified DKPs [36] are listed in tables 2 and 3. All the listed pyrolysis products were detected in the pyrolysates of the native protein and of its chrysotile adducts, irrespective of the Fe content. Although the molecular pyrolytic pattern of BSA is qualitatively similar in all the investigated samples, quantitative differences were observed. The yields of evolved pyrolysis products are reported in figures 6 and 7 for DKPs and lateral chain fragmentation products, respectively.
Cyclo(Pro-Leu) is the most abundant DKP with yield of 2.7% (10% RSD) for pure BSA.
The yield of cyclo(Pro-Leu) decreased when BSA is adsorbed onto undoped chrysotile and a further decrease was observed for doped nanofibres. A similar trend was observed for cyclo(Pro-Val). The yields of other DKPs were much lower and differences were less evident. However, in general adsorbed BSA produced higher DKP yields than pure BSA especially when containing Gly (silylated DKPs).
The formation of pyrolysis products originated from the thermal degradation of the lateral chain was enhanced when BSA was adsorbed onto the nanofibres as evidenced by the higher yields of BSA -chrysotile adducts in comparison to solely BSA. The higher yields were often observed in the case of BSA adsorbed onto chrysotile doped with Fe at 0.52 wt%.
Several studies present in the literature reported a decrease in a-chain and an increase in random structure as a consequence of the surface interaction between proteins and nanoparticles [16, 17, 21, 47] . For synthetic chrysotile nanofibres, this change was proved to be related to the coating extent of the protein on the nanofibre by Artali et al. [17] , who recorded a great change in protein conformation (HSA) for passing from a low (0.3 mg ml rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150186 and b-sheet decrease, while no modifications in the a-helix band ranges were recorded. In addition, the TGA profiles of BSA-chrysotile adducts reported in figure 3 clearly show a shift of the characteristic peak of BSA towards higher temperature at increasing Fe amount in the nanofibres. These results suggest that, despite a decrease of the coating extent in the chrysotile surface at increasing Fe concentration, a stronger interaction occurred between BSA and chrysotile surfaces. Adsorption onto a charged surface rather than a neutral one emphasizes the importance of electrostatic interactions [32] . At pH ¼ 7.4 (adsorption condition), BSA was negatively charged (Z potential of 25.1 mV) [48] while the chrysotile surface was supposed to be positively charged [49] . FT-IR results indicated a great increase in random coil and b-turn, consistent with a decrease of the a-chains, for all the BSA -chrysotile adducts (table 1 and figure 1 ) and with respect to pure BSA. Conformational transition resulting in a higher b-turn content was also observed for the interaction between BSA and different clay surfaces [32] . The effect was evident for synthetic chrysotile samples doped with Fe, and particularly for the sample at 0.52% of Fe content for which the greatest increase in BSA random structures was recorded. Genotoxic and cytotoxic evaluations carried out on Fe-doped geoinspired chrysotile have rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150186
highlighted that the generation of reactive oxygen species and other radicals catalysed by Fe ions in the chrysotile fibres is potentiated when Fe ions are organized into specific chrysotile crystallographic sites, having coordination state able to activate free radical generation [8] . In a previous study, it was demonstrated that at the low amount of Fe content in the nanocrystals both biological and radical activity were more significant than the nanocrystal with higher Fe content [8, 23] . This higher reactivity could be due to the higher percentage of Fe replacing Mg in octahedral position. The native conformation of a protein is tightly controlled by the shape complementarily of the hydrophobic residues that allow close packing of the cores [37] while b-turns, which consist predominantly of hydrophilic amino acid residues, are concentrated near the protein surface. This finding, together with the obtained FT-IR results, indicated that the BSA molecules are adhered on the nanofibre surface with many hydrophobic groups pointing outward. The interaction of BSA with chrysotile was supported by the inspection of the pyrolysis products arising from specific amino acids. The formation of pyrolysis products was inhibited (lower yields) or favoured (higher yields) once the BSA was adsorbed onto the nanofibres. The effect was apparently dependent on the nature of amino acid as both effects were observed. Several works describing the mechanism of DKP formation during pyrolysis have been reported in the literature [45, 46, 50, 51] . The thermochemical path responsible for their formation seems to be influenced by temperature and the type of amino acids involved; however, the effect of interaction with mineral matrix was seldom investigated [52] . Being formed from the cyclization of the backbone it could be assumed that the initial conformation of the protein plays an important role in the formation of DKPs as well as the steric hindrance of the amino acid lateral chain. Apparently, the cyclization of sterically hindered amino acids (e.g. Pro-Leu) was reduced, while that of less hindered amino acids (e.g. Gly) enhanced especially in the case of nanofibres doped at the 0.52% level. The thermal degradation of the side chains was seemingly favoured in the adsorbed BSA especially with doped nanofibres. The highest differences were observed for pyroglutamic acid. Polar amino acids are supposed to interact differently with the brucite layer compared to neutral amino acids [53] . In general, these effects on the yields of evolved pyrolysis products could be explained by an increase in random structures, especially of b-turns, that favour the interaction of the polypeptide chain with the chrysotile surface.
Conclusion
In this study, we have compared the interaction of BSA with chrysotile nanofibres having different amounts of iron, without the interference of other variables (such as differences in structure, size, tubular morphology and exposed surface, or physico-chemical modifications). Our results suggest that the role of iron in asbestos -BSA interaction is more complex than that previously suggested. Iron may behave not simply as a catalytic site generating unfolding of the protein at the fibre surface but could also influence in a more complex way the interaction between chrysotile nanofibres and protein. The interaction between BSA and Fe-doped synthetic chrysotile nanofibres has been investigated by means of FT-IR, TGA and pyrolysis coupled to GC -MS. An inverse correlation between the nanofibre Fe percentage and the amount of adsorbed BSA was recorded. TGA showed that the higher is the Fe percentage inside the nanofibres the stronger is the interaction between BSA and synthetic chrysotile. The existence of specific interactions was further confirmed by the molecular analysis of the thermal degradation products, whose formation was altered once the protein was adsorbed onto the fibre. Differences in the yields of cyclic dipeptides Figure 7 . Yields (wt% from BSA) of pyrolysis products from the lateral chain fragmentation of native BSA and BSA adsorbed onto chrysotile undoped and doped with Fe. Numbers correspond to compounds listed in tables 2 and 3, respectively, for analytes detected in the native and in the silylated form (*).
derived from backbone cyclization and products arising from side chain cracking were observed from solely BSA and BSA adsorbed onto the nanofibres. The differences depended on the nature of the amino acid involved and the content of Fe. Although clear trends were not apparent, it was evident that tiny amounts of Fe doping (less than 1%) had a significant effect on the thermal stability of amino acids, and in particular peptide sequences leading to DKPs. Since DKPs are formed by the cyclization of the backbone, the secondary structure may play an important role.
FT-IR analysis recorded an increase in b-turn and random coil fraction inside BSA adsorbed on nanofibre surface, showing an increase in the disordered structure larger for the adducts at 0.52% of Fe. In fact, as shown by TGA/DTA, the thermal stability of the proteins adsorbed on the chrysotile surface increased on increasing Fe amounts, highlighting a better adhesion of the protein which increased the Fe doping extent. The obtained results in this study suggest two modalities of interaction of the surface of chrysotile with the BSA. In fact, a lower amount of iron (0.52 wt%) corresponds to a greater catalytic effect of the surface of chrysotile in respect to the protein, in the sense of the unfolding of the a-helix. On the contrary, at higher concentration of the iron in chrysotile we observe a reduced catalytic effect of the surface, but a stronger electrostatic effect occurs, probably due to the distortions of the crystalline cell when iron substitutes both tetrahedral and octahedral sites, modifying the electric surface feature of the nanofibre [25] , inducing a strong electrostatic interaction with the BSA. While the results here presented cannot be directly extended to the interpretation of asbestos toxicity due to metal contamination, they give further support to the role of iron in pivoting the structural changes of globular proteins interacting with the surface of the mineral.
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